r Neuroinflammation associated with CNS insults leads to neuronal hyperexcitability, which may culminate in epileptiform discharges.
Introduction
Acute insults to the brain (e.g. stroke, haemorrhage, trauma, encephalitis and status epilepticus) and many chronic brain diseases (e.g. epilepsy, Alzheimer's disease and amyotrophic lateral sclerosis) manifest an innate inflammatory response (Tian et al. 2012) . The hallmark of this response is activation of microglia and astrocytes, acting to promote repair of damaged tissue (Amor & Woodroofe, 2014) . However, activation of glia may also induce structural and functional changes in neuronal networks that lead to brain hyperexcitability, predisposing it to acute or even chronic seizures (Vezzani et al. 2011; Devinsky et al. 2013; Seifert & Steinhauser, 2013) . Multiple mechanisms are likely to be involved in inflammation-induced hyperexcitability. Prevailing hypotheses revolve around activation of microglia and astrocytes, leading to release of glial inflammatory mediators, such as interleukin 1β (IL-1β) and tumour necrosis factor α (TNFα), as well as a variety of gliotransmitters, which reportedly augment neuronal excitability (Vezzani & Viviani, 2015) . Innate brain inflammation can be produced experimentally by applying lipopolysaccharide (LPS; Lund et al. 2006) , an endotoxin derived from the outer membrane of gram-negative bacteria (Freudenberg & Galanos, 1990) , to brain tissue. LPS induces inflammation predominately by activating toll-like receptor 4 (TLR-4) in microglia (Poltorak et al. 1998; Chow et al. 1999; Olson & Miller, 2004; Lu et al. 2008) . It has been shown recently that the acute inflammatory response to LPS leads to enhanced neuronal excitability. Thus, when applied on the cortex of sedated rats, LPS induces epileptiform discharges within minutes, sometimes culminating in full-blown seizures (Rodgers et al. 2009 ). Likewise, when applied acutely to hippocampal slices, LPS facilitates the generation of epileptiform discharges (Pascual et al. 2012; Gao et al. 2014) . At the cellular level, acute application of LPS to hippocampal slices was reported to enhance the frequency of excitatory postsynaptic currents (EPSCs; Pascual et al. 2012) and to increase neuronal excitability (Gao et al. 2014) . These two actions, cooperatively, may underlie LPS-induced brain hyperexcitability. However, the underlying molecular and biophysical mechanisms of LPS-induced enhancement of neuronal excitability have not been clarified.
Here, using electrophysiological, pharmacological and imaging techniques in rat hippocampal slices, we show that LPS triggers a complex glia-to-neuron signalling cascade that targets a particular class of potassium (K + ) channels, namely, the neuronal K V 7/M channels. These channels underlie the ubiquitous muscarine-sensitive, low voltage-activating, non-inactivating K + current (M-current, or I M ; Brown & Passmore, 2009) . As I M strongly dampens intrinsic neuronal excitability (Yue & Yaari, 2004; Gu et al. 2005) , its inhibition by LPS leads inevitably to a marked enhancement in excitability.
Methods

Ethical approval
All animal experiments were conducted in accordance with the guidelines of the Animal Care Committee of the Hebrew University.
Hippocampal slice preparation
Male Sprague-Dawley rats (125-150 g) were decapitated under ketamine (90 mg kg −1 , I.P.) and xylazine (90 mg kg −1 , I.P.) anaesthesia. Transverse hippocampal slices (300 μm) were prepared as previously described (Chen et al. 2014 ) using a VT1200S (Leica, Mannheim, Germany) vibrating blade microtome and transferred to a storage chamber perfused with oxygenated (95% O 2 -5% CO 2 ) artificial cerebrospinal fluid (aCSF). After at least 30 min of incubation, slices were transferred to a recording bath attached to the stage of an upright fixed stage epifluorescence microscope (BX51WI, Olympus, Tokyo, Japan), with Nomarski DIC optics and an Exi Aqua monochromator camera (QImaging, Surrey, BC, Canada). Slices were transilluminated, maintained by a platinum grid and continuously perfused (2-3 ml min −1 ) with oxygenated aCSF (95% O 2 -5% CO 2 ) at room temperature (22-24°C). The standard aCSF contained (in mM): 125 NaCl, 2.5 KCl, 2 MgCl 2 , 2 CaCl 2 , 26 NaHCO 3 , 25 D-glucose and 1 NaH 2 PO 4 .H 2 O. Single neurons were viewed with a ×60 LUMPlanFL objective, with 1.0 numerical aperture (Olympus). Recordings were performed under infrared DIC microscopic transillumination.
Electrophysiological recordings
Patch pipettes (4-5 M ) were pulled from borosilicate glass capillaries (Sutter Instrument Co., Novato, CA, USA) on a P-1000 puller (Sutter Instrument Co.). Whole-cell membrane currents and voltages were recorded in voltage-clamp and fast current-clamp modes, respectively, using a Multiclamp 700B amplifier (Molecular Devices, Sunnyvale, CA, USA). Only CA1 pyramidal cells showing less than 10% change in access resistance during the entire recording period were included in the study.
Series resistance was maintained at 6-8 M . For voltage-clamp recordings, capacitive currents were minimized and series resistance was compensated by 80-90%. Command voltage protocols were generated with a Digidata 1440A A/D interface (Molecular Devices). Data were sampled at 50 kHz and low-pass filtered at 10 kHz (-3 dB, 8 pole Bessel filter). Data were digitized using pCLAMP 10.3 (Molecular Devices). Data averaging and peak detection were performed using Clampfit 10.3 software. Data were fitted using Origin 8 (OriginLab Corp., Northampton, MA, USA).
Measurements of changes in passive and active membrane properties of pyramidal cells were made at the original (control) resting V m (membrane potential), maintained constant by injecting an appropriate steady current. Single spikes were evoked by 10 ms depolarizing current pulses of 0.01 nA increments and used for analysing action potential parameters. Spike duration was measured at half-maximal amplitude. Spike thresholds were obtained by analysing the phase plots (dV/dt) when plotted versus time or versus membrane voltage. The voltage of the threshold was determined as the first minimal value of dV/dt after the peak. The rheobase current and apparent R in were measured using a series of 500 ms hyperpolarizing and depolarizing square current pulses of 0.01 nA increments. R in was provided by the slope of the relationship of voltage deviation versus current intensity in the linear part of the hyperpolarizing range. Spike amplitude was measured from threshold to peak voltage. The relationships between action potential frequency and injected current intensity (f-I curves) were fitted best by a linear function, y = mx, where m is a slope of the function, known as gain.
Current-clamp recordings
In these experiments the aCSF contained (in mM): 125 NaCl, 2.5 KCl, 2 MgCl 2 , 2 CaCl 2 , 26 NaHCO 3 , 25 D-glucose and 1.25 NaH 2 PO 4 .H 2 O. Unless stated otherwise, the glutamate receptor antagonists 6-cyano-7-nitro-quinoxaline-2,3-dione (CNQX; 15 μM), 2-amino-5-phosphono-valeric acid (AP-5; 50 μM) and kynurenic acid (2.5 mM) were added to block fast EPSPs, and the GABA A receptor antagonist picrotoxin (100 μM) was added to block fast IPSPs. Nominally Ca 2+ -free aCSF was prepared by replacing CaCl 2 with 2 mM MgCl 2 . The intracellular solution contained (in mM): 130 potassium gluconate, 6 KCl, 2 Mg-ATP, 8 NaCl and 10 Hepes (pH 7.2, adjusted with KOH). In some experiments, when indicated, 1,2-bis(o-aminophenoxy)ethane-N,N,N ,N -tetraacetic acid (BAPTA; 13 mM) was added to this solution. Pipette potential was zeroed before seal formation and V m was corrected for a liquid junction potential of -14.6 mV. Only neurons having stable resting V m > -55 mV and overshooting spikes were used.
Voltage-clamp recordings
In these experiments, designed to isolate I M , the aCSF contained (in mM): 123 NaCl, 3.5 KCl, 2 MgCl 2 , 2 CaCl 2 , 26 NaHCO 3 , 25 D-glucose and 1.25 NaH 2 PO 4 .H 2 O. Tetrodotoxin (TTX; 1 μM), CdCl 2 (50 μM) and 4-ethylphenylamino-1,2-dimethyl-6-methylaminopyrimidinium chloride (ZD7288; 20 μM) were added to block voltage-gated Na + and Ca 2+ channels, as well as Ca 2+ -gated K + channels and h-current. In some experiments, the selective I M blocker 10,10-bis(4-pyridinylmethyl)-9(10H)-anthracenone (XE991; 20 μM) was applied in the aCSF. Intracellular solutions contained (in mM): 140 KCl, 3 Mg-ATP, 9 NaCl, 1 MgCl 2 , 0.3 GTP-Tris and 10 Hepes (pH 7.2, adjusted with KOH). In some experiments, when indicated, BAPTA (13 mM) was added to this solution. Pipette potential was zeroed before seal formation and V m was not corrected for the small liquid junction potential (-3.4 
mV).
The following voltage-command protocol was used to evoke I M (Halliwell & Adams, 1982; Caspi et al. 2009) : from a holding potential of approximately -20 mV, 11 hyperpolarizing voltage steps (duration 500 ms) incrementing by -8 mV were applied. These steps induced slow current 'relaxations' after the instantaneous inward current J Physiol 595.3 drops, representing the slow I M deactivation. Current relaxations were fitted by exponential curves (starting after the capacitance artefact) and were extrapolated back to the beginning of the hyperpolarizing command pulses. I M amplitudes were assessed as the differences between the instantaneous peak currents at command onset and the steady-state currents just before command offset.
Imaging
Two complementary techniques were used to measure [Ca 2+ ] i changes in neurons and astrocytes. First, single cells were patched in the whole-cell configuration and dialysed with intracellular solution containing the Ca 2+ indicator Fluo-4 pentapotassium salt (25 μM; Life Technologies, Carlsbad, CA, USA). The patch pipette was either maintained attached to the cell for parallel electrophysiological recordings or slowly withdrawn after several minutes of dialysis. Imaging was performed using wide field epifluorescence microscopy. Astrocytes were labelled by incubating slices for 1 min in aCSF containing 10 μM sulforhodamine 101 (SR-101) at room temperature. SR-101 was excited at 543 nm and detected using a 605 ± 75 nm filter (red channel). Fluo-4 was excited at 488 nm and detected with a 515 ± 15 nm filter (green channel). Cells showing staining in two channels were regarded as astrocytes. Triangular cells showing staining only in the 'green' channel were considered as neurons. Cells that showed staining only in the 'red' channel were discarded from the analysis. Second, astrocytes and neurons were unselectively filled with fluorophore by preincubating them in the dark at room temperature with oxygenated aCSF containing 1 mM Fluo-4 AM (Life Technologies) for 35 min, after which the slices were transferred to normal aCSF for at least 20 min before imaging. Imaging was performed using two-photon excitation microscopy, to avoid collection of photons from cells below or above the focal plane. Both SR-101 and Fluo-4 were excited using an 800 nm laser. The SR-101 fluorescence was separated from the Fluo-4 fluorescence using a dichroic mirror (562 nm, Semrock Inc., Rochester, NY, USA). Fluorescence emissions were detected simultaneously by two non-descanned photomultiplier tubes with a 542/50 nm filter (Semrock) for 'green' fluorescence emission and a 617/73 nm filter (Semrock) for 'red' fluorescence emission. The regions of interest were scanned at 1 Hz.
Wide-field epifluorescence microscopy fluorescence was performed using an Olympus BX51WI microscope equipped with a CoolLED illuminator (CoolLED, Andover, UK) and an Exi Aqua monochromator camera (QImaging). The imaging was performed using a ×60 LUMPlanFL objective with an NA of 1 (Olympus). The data were sampled at 3 Hz. Two-photon excitation microscopy was performed using a LSM 7 MP (Zeiss, Oberkochen, Germany) equipped with a ×20 water-immersion objective (NA 1.0; Zeiss). Laser excitation was performed with a Ti:Sapphire laser system (Chameleon vision II; Coherent, Ely, UK).
Fluorescence signals were quantified by measuring the mean pixel intensities of the regions of interest, using NIS elements software (Nikon) or ZEN 2009 software (Zeiss). Changes in [Ca 2+ ] i were expressed as F/F 0 values, where F 0 was the averaged baseline fluorescence collected for at least 1 min before drug application. The value of 0.02 F/F 0 was considered as optical noise. In all Ca 2+ imaging experiments, fluorescence intensity decreased with time in an exponential manner regardless of treatment (photo-bleaching). For each experiment this decrease was fitted by a monoexponential curve, which then was subtracted from the data.
Chemicals and drugs
CNQX was purchased from Tocris Bioscience (Bristol, United Kingdom), TTX from Alomone Labs (Jerusalem, Israel), XE991 and ZD7288 from Tocris Bioscience, and Fluo-4 AM and Fluo-4 pentapotassium salt from Life Technologies. All other chemicals and drugs, including LPS, were purchased from Sigma-Aldrich (St Louise, MO, USA). Stock solutions of Fluo-4 AM were prepared in dimethylsulfoxide, and diluted 1:1000 when added to the aCSF. Also, t-ACPD was titrated with NaOH (1 M) for solubility. All other drugs were added to the aCSF solution from aqueous stock solutions.
The effects of 2 -deoxy-N 6 -methyladenosine 3 ,5 -bisphosphate tetrasodium salt (MRS2179), (RS)-α-methyl-4-carboxyphenylglycine (MCPG), (2S)-2-amino-2-[(1S,2S)-2-carboxycycloprop-1-yl]-3-(xanth-9-yl) propanoic acid (LY341495), 2-methyl-6-(phenylethynyl) pyridine hydrochloride (MPEP), suramin, thapsigargin, L-α-aminoadipic acid (L-AAA) and minocycline were usually assessed 45 min after bath perfusion with aCSF containing the drug, as well as throughout the entire recording session. In some experiments retigabine (10 μM) was added to LPS-treated slices shortly (ß5 min) after LPS application.
Focal drug application
In some experiments, drugs were focally applied onto somata of single CA1 pyramidal cells or of nearby astrocytes using pressure puffs supplied by a pneumatic picopump PV820 (World Precision Instruments, Sarasota, FL, USA), connected to a fine pipette (5 M ). The tip of the puff pipette was positioned near (ß5 μm) the cell soma. Single or multiple short pulses (2 s) were applied. The applied pressure was calibrated so that the puff pipette solution would target the cell soma by measuring the dispersion of a fluorescent solution.
Data analysis
Offline analyses were performed with pCLAMP 10.3 software (Molecular Devices). All averaged data are presented as the mean ± SEM. Assessment of statistical significance of differences between means was performed with Student's paired t test or repeated-measures ANOVA, as appropriate.
Results
The proinflammatory agent LPS increases intrinsic neuronal excitability of CA1 pyramidal cells
To test the effects of the proinflammatory agent LPS on intrinsic properties of CA1 pyramidal cells, we perfused acute hippocampal slices with artificial cerebrospinal fluid (aCSF) containing 2.5 mM kynurenic acid, 15 μM CNQX, 50 μM AP-5 and 100 μM picrotoxin to block fast excitatory and inhibitory synaptic transmission, and performed whole-cell patch-clamp recordings in current-clamp mode. At resting potential (-58.1 ± 1.5 mV), all neurons were quiescent (n = 56). LPS (10 μg ml -1 ; bath-applied 7-10 min after the onset of recording) caused within 1-5 min a 7-10 mV depolarization in all neurons (Table 1) , leading to repetitive firing in 75% of the neurons (30/40; Fig. 1A ). These excitatory effects persisted throughout drug application (5-8 min) and in many cases were sustained also during its washout ( Fig. 1A ; up to 40 min). Precisely similar effects of LPS on CA1 pyramidal cells' excitability were observed when the synaptic blockers were omitted from the aCSF (n = 6; data not shown). In LPS-untreated slices, no increase in neuronal excitability was seen during sustained recordings (up to 15 min), and the neurons retained their sensitivity to LPS throughout this period (n = 4; Fig. 1A, inset) .
We also measured passive and active membrane properties of pyramidal cells before and during application of LPS. Membrane potential (V m ) was kept constant by applying steady negative current to counteract its depolarizing action. LPS significantly increased input resistance (R in ; Fig. 1B ) and decreased spike threshold (Fig. 1C) without modifying spike amplitude and width (Table 1) . LPS also increased the frequency of spikes evoked by depolarizing current steps (Fig. 1D) , causing a leftward shift in the spike frequency versus current intensity relationship (frequency-current intensity (f-I) curve), and a significant increase in gain (i.e. slope of the f-I curve; Fig. 1E ).
LPS inhibits I M in pyramidal cells
The excitatory effects of LPS in CA1 pyramidal cells, namely, the mild depolarization, the increase in R in , and the increase in spike threshold without concomitant changes in spike amplitude and width (Table 1) , are reminiscent of the effects of pharmacologically blocking I M (Table 1 ; Yue & Yaari, 2004; Gu et al. 2005 ). Therefore, we tested whether the LPS-induced increase in neuronal excitability is due to I M inhibition. We used a well-established voltage-clamp protocol to isolate I M from other currents (see Methods; Fig. 2A, left panel) . Bath-applied LPS completely (5/7) or almost completely (2/7) inhibited I M within a few minutes ( Fig. 2A (middle  panel) , B and C). In the latter two neurons, residual I M was fully abolished by subsequent application of 20 μM 10,10-bis(4-pyridinylmethyl)-9(10H)-anthracenone (XE991), a selective I M blocker (Wang et al. 1998) .
In slices pretreated with XE991 to completely block I M , LPS did not further affect membrane properties and excitability of the pyramidal cells (Table 1 ). This XE991-mediated occlusion of LPS action indicates that I M inhibition is the main, if not the sole, mechanism of LPS-induced increase in intrinsic neuronal excitability. (Cruzblanca et al. 1998; Gamper & Shapiro, 2003; Caspi et al. 2009 ). Indeed, K V 7/M channels are dose-dependently blocked by Ca 2+ applied to their cytoplasmic surface (Selyanko & Brown, 1996; Chen & Yaari, 2008) . We therefore tested whether LPS-induced I M inhibition and the associated increase in pyramidal cell excitability are caused by an increase in [Ca 2+ ] i . To that end, we combined patch-clamp recordings with Ca 2+ imaging in single neurons filled with the membrane non-permeant dye Fluo-4 via the recording pipette. In 80% of the neurons (8/10), bath-applied LPS induced a substantial, albeit transient, increase in global [Ca 2+ ] i , preceding the neuronal depolarization by 30-60 s (Fig. 3A) . This early increase in [Ca 2+ ] i was followed by additional rapid intracellular Ca 2+ transients synchronous with spike discharges (Fig. 3A) . In search of the source of the elevated [Ca 2+ ] i , we found that LPS induces an early rise in [Ca 2+ ] i , as well as an increase in excitability, also in slices bathed in nominally Ca 2+ -free aCSF, though spike-associated Ca 2+ transients were entirely absent in this condition (Fig. 3B ). In contrast, in slices preincubated in aCSF containing 1 μM thapsigargin to deplete endoplasmic reticular Ca 2+ stores (Thastrup et al. 1990) , LPS failed to affect neuronal [Ca 2+ ] i (Fig. 3C ). In the latter condition the neurons displayed normal firing behaviour, which also was unaffected by LPS ( Fig. 3C (inset) and D and 
LPS-induced
LPS, aCSF with synaptic blockers (n = 30) Control (aCSF) -60.9 ± 1. 7 415.6 ± 25.9 -46.6 ± 0.9 0.12 ± 0.01 103.6 ± 2.9 2.2 ± 0.09 LPS (10 μg ml -1 ) -55.5 ± 2.7 * 484.3 ± 26 * -51.4 ± 1.3 * * * 0.16 ± 0.01 * 100 ± 3 (ns) 2.4 ± 0.1 (ns) XE991 (n = 10)
Control (aCSF) -53.2 ± 1.5 572.5 ± 61.6 -38.6 ± 2.7 0.1 ± 0.02 XE991 (20 μM) -47.5 ± 1.8 * * * 655 ± 170.2 * * * -43 ± 3.4 * * 0.15 ± 0.03 * LPS, aCSF with XE991 (n = 6) Control (aCSF) -49.8 ± 3.6 444.4 ± 80.1 -41.3 ± 2.7 0.21 ± 0.01 LPS (10 μg ml -1 ) -48.9 ± 3.7 (ns) 472.2 ± 68.1 (ns) -39.7 ± 3.1 (ns) 0.22 ± 0.01 (ns) LPS, aCSF with thapsigargin (n = 6) Control (aCSF) -58.3 ± 1.2 410 ± 35.6 -44.3 ± 2.5 0.12 ± 0.02 LPS (10 μg ml -1 )
-
Control (aCSF) -60.0 ± 1.1 415.7 ± 46.16 -45.6 ± 1.4 0.11 ± 0.02 LPS (10 μg ml -1 ) -58.7 ± 1.1 (ns) 409.4 ± 53.9 (ns) -45 ± 1.5 (ns) 0.12 ± 0.02 (ns) LPS, aCSF with MRS2179 (n = 5) Control (aCSF) -57.8 ± 3.7 311.2 ± 33.9 -42.2 ± 3.6 0.11 ± 0.02 LPS (10 μg ml -1 ) -55.8 ± 32.1 (ns) 302 ± 19.1 (ns) -41.4 ± 3.4 (ns) 0.13 ± 0.01 (ns) LPS, aCSF with MCPG (n = 5) Control (aCSF) -58.696 ± 1.8 451.666 ± 41.8 -45.663 ± 2.5 0.11 ± 0.008 LPS (10 μg ml -1 ) -55.829 ± 1.8 (ns) 504.666 ± 39.9 (ns) -45.312 ± 2.5 (ns) 0.13 ± 0.007 (ns) Puff of ADPβS on astrocytes (n = 8) Control (aCSF) -56.6 ± 1.2 375.3 ± 22.5 -44.7 ± 2.1 0.12 ± 0.01 ADPβS (100 μM) -50.4 ± 2.1 * * * 515.5 ± 20.2 * -52.8 ± 0.7 * * * 0.15 ± 0.01 * t-ACPD, aCSF with L-AAA and minocycline (n = 6) Control (aCSF) -57.2 ± 0.7 384.5 ± 11.3 -32.9 ± 3.1 0. 12 ± 0.02 t-ACPD (50 μM) -47.7 ± 2.9 * * 488.2 ± 41.7 * -41.5 ± 2.7 * * * 0.16 ± 0.02 * ns, not significant, * P < 0.05, * * P < 0.01, * * * P < 0.001.
To further test for a causal relationship between the LPS-induced increases in [Ca 2+ ] i and in excitability, we filled neurons with the fast Ca 2+ chelator BAPTA. In this condition LPS application did not alter neuronal excitability ( Fig. 4A and B and Table 1 ), suggesting that the neuronal [Ca 2+ ] i increase is obligatory for the excitability increase.
Finally, we examined the effects of LPS on I M in BAPTA-filled neurons. Bath-applied LPS consistently (6/6) failed to modify I M in this condition ( Altogether, these data indicate that in the pyramidal cells, LPS-induced Ca 2+ release from internal stores mediates I M inhibition, which, in turn, enhances pyramidal cell excitability.
LPS effects on pyramidal cells are mediated by astrocytes
It is widely accepted that LPS exerts its effects predominately by activating TLR-4 receptors in microglial cells (Poltorak et al. 1998; Chow et al. 1999; Lu et al. 2008) . These, in turn, activate astrocytes via the release of gliotransmitters, such as ATP (Imura et al. 2013) . Activated astrocytes can then further convey the LPS signal to neurons by releasing their own gliotransmitters, such as ATP or glutamate (Parpura & Zorec, 2010; Gundersen et al. 2015) . To characterize the involvement of astrocytes and their gliotransmitters in the LPS-induced increase in neuronal excitability, we first examined the effects of LPS on astrocytic [Ca 2+ ] i in slices labelled with SR-101 and with Fluo-4 AM using two-photon microscopy (see (see Methods) of all responding neurons before (black) and after 5 min exposure to LPS (red); * P < 0.05, paired t test, n = 16. C, spike thresholds (assessed from phase plot analyses of single spike; see Methods) before (black square) and after 5 min exposure to LPS (red circle); * * * P < 0.001, paired t test, n = 16. D, typical voltage responses (top) to current steps (bottom) in a pyramidal cell recorded before and after 5 min exposure to LPS (representative of 13/16 neurons). Dotted lines indicate peak voltage deflections in the two conditions. E, mean f-I curves of 13 pyramidal cells recorded before (black squares) and after 5 min exposure to LPS (red circles). Note, LPS induced a significant increase in spike frequency ( * P < 0.05, two-way ANOVA) and gain (m, dotted lines; * * * P < 0.001, paired t test; see also (Fig. 5B ), but not in slices pretreated with thapsigargin (Fig. 5C ).
To examine whether astrocytic activation by LPS is required for inducing its neuronal effects, we pretreated slices with the gliotoxin L-α-aminoadipic acid (L-AAA) to inhibit astrocytic functions (Huck et al. 1984; McBean, 1994; Brown & Kretzschmar, 1998) . In this condition, bath-applied LPS exerted no neuronal effects (n = 6, . Each of the three subpanels illustrates a family of currents evoked by a series of 500 ms, 8 mV hyperpolarizing voltage steps from a holding potential of -20 mV (voltage protocol is shown in inset). The current response obtained by stepping to -52 mV is shown at the bottom of each subpanel. The I M relaxation was fitted with a monoexponential line (red), which was extrapolated to the beginning of the voltage step. I M amplitudes were measured as the differences between the instantaneous peak currents at command onset and the steady-state currents just before command offset. The dotted line indicates zero current level. The three subpanels depict the current responses before (left), 5 min after bath application of 10 μg ml -1 LPS (middle), and 5 min after additional bath application of 20 μM XE991 (right). Note I M inhibition by LPS (representative of 5/7 experiments). B, plots of I M amplitudes versus hyperpolarizing command potentials in the three conditions shown in A: before (black squares), after 5 min of exposure to LPS (red triangles), and after 5 min of exposure to XE991 (pink inverted triangles). The rectangle outlines peak I M values. The first (Before) and second (LPS, 5 min) plots differ significantly ( * * * P < 0.001, two-way ANOVA, n = 7). C, bar graph comparing peak I M amplitudes measured at -52 mV (shown in A, inset) in the three conditions as in B ( * * * P < 0.001, Student's t test, n = 7). [Colour figure can be viewed at wileyonlinelibrary.com] Note lack of significant I M inhibition by LPS (ns, not significant ( * * P > 0.05), Student's t test, n = 6) and complete inhibition by XE991 ( * * * P < 0.001, Student's t test, n = 6). [Colour figure can be viewed at wileyonlinelibrary.com] Fig. 5D -E and Table 1 ). It is noteworthy that L-AAA pretreatment by itself neither enhanced nor compromised pyramidal cell excitability (Fig. 5D, inset) . Likewise, it did not abolish its ability to release Ca 2+ from intracellular stores, as indicated by marked [Ca 2+ ] i increases in response to bath-applied t-ACPD, a metabotropic glutamate receptor (mGluR) agonist (see below, Fig. 9A ), or to 40 mM caffeine (Garaschuk et al. 1997 ; data not shown). Additionally, in a separate set of experiments we found that acutely applied L-AAA for up to 1 h affected neither CA1 pyramidal cells' passive membrane properties nor their excitability (data not shown).
Together, these findings indicate that astrocytic activation is a critical step in LPS-induced neuronal excitation. They also suggest that LPS does not excite the pyramidal cells directly, i.e. by acting on neuronal TLR-4 receptors. However, it has been shown that some neurons express TLR-4 receptors and respond to LPS (Leow-Dyke et al. 2012; Zhao et al. 2014 ). We could not support this notion in CA1 pyramidal cells, because direct puff application of LPS onto these neurons in Fluo-4 AM preloaded slices affected neither [Ca 2+ ] i (n = 24; Fig. 5F ) nor excitability (n = 7; Fig. 5G ).
LPS-induced neuronal effects require activation of astrocytic P2Y1 receptors
It is well established that microglial cells, astrocytes and neurons can release ATP and respond to it via its multiple purinergic type 2 (P2) receptors (Butt, 2011) . Therefore, we explored whether P2 receptors play a role in the neuronal effects of LPS. In slices treated with the broad-spectrum P2 receptor blocker suramin (Dunn & Blakeley, 1988; Lambrecht et al. 2002) , bath-applied LPS did not produce any change in [Ca 2+ ] i in astrocytes (n = 33; Fig. 6A , red), as well as in pyramidal cells (n = 28; Fig. 6A,  black) . Similar results were obtained in slices treated with 2 -deoxy-N 6 -methyladenosine 3 ,5 -bisphosphate tetrasodium salt (MRS2179, Fig. 6B ; astrocytes in red, n = 20; neurons in black, n = 28), a selective P2Y1 receptor blocker (Boyer et al. 1998; Weisman et al. 2012) . Likewise, treatment with MRS2179 prevented LPS-induced increase in neuronal excitability ( Fig. 6C ; n = 8/8). Congruently, we found that bath application of the selective P2Y1 receptor agonist adenosine 5 -O-2-thiodiphosphate (ADPβS; von Kugelgen, 2006) caused a substantial [Ca 2+ ] i increase in all astrocytes (n = 13) and neurons (n = 17; Fig. 6D ). This effect was observed also in slices bathed in nominally Ca 2+ -free aCSF, but not in slices preincubated with thapsigargin, indicating that ADPβS causes Ca 2+ release from intracellular stores (36, data not shown). ADPβS also produced a prominent depolarization and firing in most (6/8) pyramidal cells (Fig. 6E) , strongly resembling the effects of LPS (Table 1) . However, ADPβS did not exert any neuronal effects in slices pretreated with L-AAA to cause astrocytic dysfunction (n = 38 neurons; Fig. 6F ).
These data indicate that P2Y1 receptor activation is required for the LPS-induced astrocytic [Ca 2+ ] i response, which then leads to increased neuronal [Ca 2+ ] i and excitability. They also imply that unlike astrocytes, pyramidal cells do not express functional P2Y1 receptors coupled to intracellular Ca 2+ stores. To examine the latter notion more directly, we puffed ADPβS focally onto pyramidal cells or nearby astrocytes (Fig. 6G , inset, see Methods). Puffing ADPβS onto single neurons did not produce any detectable effects in these neurons (n = 14) or in nearby astrocytes (within a perimeter of 20 μm; n = 7; Fig. 6G ). In contrast, puffing ADPβS onto single astrocytes produced a substantial [Ca 2+ ] i increase in astrocytes (n = 6) and in nearby neurons (n = 10, Fig. 6H ), as well as neuronal depolarization and firing (8/11; Fig. 6I ). Altogether, these results indicate that activation of astrocytic P2Y1 receptors is essential for the downstream increases in neuronal [Ca 2+ ] i and excitability induced by LPS.
LPS-induced neuronal effects require activation of neuronal group 1 mGluRs
Activation of astrocytic P2Y1 receptors in response to LPS is likely to be mediated by ATP released by microglial cells and/or by the astrocytes themselves (Davalos et al. Shown are averaged responses of 14 astrocytes (red circles) and 13 neurons (black circles) in 7 slices. B, LPS (bath-applied; 10 μg ml -1 ) caused a marked [Ca 2+ ] i increase in astrocytes in slices perfused with nominally Ca 2+ -free aCSF. Averaged responses of 22 astrocytes in 7 slices. C, LPS (bath-applied; 10 μg ml -1 ) had no effect on [Ca 2+ ] i in astrocytes in slices pretreated with 1 μM thapsigargin for 45 min prior to LPS application. Averaged responses of 18 astrocytes in 7 slices. D, bath-applied LPS (10 μg ml -1 ) has no effect on pyramidal cell excitability and [Ca 2+ ] i in a slice pretreated with the gliotoxin L-AAA (1 mM). Current-clamp recordings in pyramidal cells filled with 1μM Fluo-4. Note that the neuron fired normally upon current injection (inset). Representative of 6/6 experiments. E, mean f-I curves of 6 pyramidal cells obtained before (black squares) and after 5 min of exposure to LPS (red circles) recorded from slices treated with L-AAA. ns, not significant, paired t test for gain and two-way ANOVA for spike frequency. ] i increases evoked in both cell types by caffeine (bath applied; 40 mM) in the presence of MRS2179. C, in slices treated with MRS2179, LPS (bath-applied; 10 μg ml -1 ) had no effect on pyramidal cells' excitability (current-clamp recordings; representative of 8/8 neurons). D, the P2Y1 receptor agonist ADPβS (bath-applied; 100 μM) induced [Ca 2+ ] i increases in both astrocytes (red circles) and pyramidal cells (black circles). Averaged responses of 13 astrocytes and 17 neurons in 15 slices preloaded with SR-101 and Fluo-4 AM. E, ADPβS (bath-applied; 100 μM) caused neuronal depolarization and firing (current clamp recordings; representative, 6/8 neurons). F, in slices pretreated with the gliotoxin L-AAA (1 mM) ADPβS (bath-applied; 100 μM) had no effect on [Ca 2+ Pascual et al. 2012) . The question arises whether ATP released by astrocytes also mediates the LPS-induced neuronal effects. Although our data suggest that pyramidal cells do not express functional P2Y1 receptors, they might still be activated by ATP via other P2 receptors (Koles et al. 2011) , such as the Ca 2+ -permeable P2X4 receptors (Rubio & Soto, 2001; Sim et al. 2006) . We tested this notion by continuously (at 0.5 Hz) puffing suramin onto a single pyramidal cell and simultaneously onto a single astrocyte (via two separate puff pipettes; see scheme in Fig. 7A ) in order to block P2 receptors mostly in these two cells. In this situation, bath-applied LPS still induced the archetypal increases in [Ca 2+ ] i and excitability in the pyramidal cell (Fig. 7B (neuron) and C-E), but failed to affect [Ca 2+ ] i in the corresponding astrocyte (Fig. 7B,  astrocyte 1 ). Yet nearby astrocytes, not exposed to suramin, responded to LPS with a distinctive [Ca 2+ ] i increase (Fig. 7B, astrocytes 2-4) . These results were replicated in 5/7 similar experiments. It is noteworthy that after applying LPS, [Ca 2+ ] i increased simultaneously in the responding three astrocytes, whereas the onset of the [Ca 2+ ] i response in the pyramidal cell was delayed by an additional 2 s (1.9 ± 1.2; n = 5 neurons and 10 astrocytes).
Together, these results indicate that ATP is not the gliotransmitter directly exciting the pyramidal cells within the inflammatory cascade triggered by LPS. An alternative candidate is glutamate, known to be released from active astrocytes (Parpura et al. 1994; Araque et al. 1998; Pasti et al. 2001; Fiacco & McCarthy, 2004) , also in response to LPS (Pascual et al. 2012) , and to affect nearby neurons. In our conditions of blocked ionotropic glutamate receptors, astrocytic glutamate could excite pyramidal cells via metabotropic glutamate receptors (mGluRs) (Perea & Araque, 2007; Pascual et al. 2012) . The most abundant postsynaptic mGluRs in CA1 pyramidal cells are group I mGluRs (Fotuhi et al. 1994) . Activating these receptors stimulates PLC and the subsequent IP 3 formation leads to Ca 2+ release from intracellular stores (Abe et al. 1992; Aramori & Nakanishi, 1992) . This effect is associated with pyramidal cell depolarization, increase in R in and enhanced firing (Gereau & Conn, 1995) , resembling LPS effects.
We first tested this notion using (RS)-α-methyl-4-carboxyphenylglycine (MCPG), a group I and II mGluR antagonist (Hayashi et al. 1994; Davies et al. 1995) . Application of LPS to slices treated with 2 mM MCPG caused a prominent increase in astrocytic [Ca 2+ ] i (9/9 astrocytes) without any change in neuronal [Ca 2+ ] i (17/17 pyramidal cells; Fig. 8A ), indicating that transmission from astrocytes to pyramidal cells was blocked. To further differentiate between the two groups of mGluRs, we applied LPS to slices treated with 100 μM LY341495, a selective group II mGluR antagonist (Fitzjohn et al. 1998; Kingston et al. 1998) . In this condition 16/20 astrocytes and 21/26 pyramidal cells responded to LPS application with a [Ca 2+ ] i increase (Fig. 8B) . Similar results were obtained in five slices treated with 200 μM LY341495 (18/22 astrocytes and 26/31 neurons, data not shown).
The latter results suggest that neurons are excited by glutamate released from activated astrocytes and acting at neuronal group I mGluRs (Pascual et al. 2012) . However, they do not refute the possibility that astrocytic glutamate activates autocrine group I mGluRs (Shelton & McCarthy, 1999) , causing the release of yet another gliotransmitter that excites the pyramidal cells. To differentiate between the two options, we puffed MCPG continuously (at 0.5 Hz) onto single neurons before and during bath application of LPS. In this situation bath-applied LPS induced astrocytic [Ca 2+ ] i increases but failed to affect the neuron until MCPG puffing was halted (Fig. 8C) . These results confirm that the neuronal effects of LPS are mediated downstream by direct activation of neuronal group I mGluRs.
Next, we examined whether direct activation of neuronal group I mGluRs mimics the LPS-induced neuronal effects. To that end, we bath-applied (±)-1-aminocyclopentane-trans-1,3-dicarboxylic acid (t-ACPD, 50 μM), a group I mGluR agonist (Palmer et al. 1989; Davies et al. 1995) . To avoid inadvertent indirect neuronal effects of t-ACPD due to activation of mGluRs in glia, we minimized glia involvement by pretreating slices with L-AAA, as well as with minocycline (50 nM), a microglia inhibitor (Yrjanheikki et al. 1999; Kim & Suh, 2009) . Bath application of t-ACPD led to an increase in [Ca 2+ ] i (n = 5; Fig. 9A ) followed by depolarization and increase in excitability in all tested pyramidal cells (n = 5; Fig. 9A-E 
LPS-induced neuronal excitation is not mediated by neuronal P2 receptors
A, scheme of the experimental arrangement. The slice was preloaded with SR-101 and four astrocytes (1-4), adjacent to a selected pyramidal cell, were individually filled with Fluo-4 (via a patch-pipette) for Ca 2+ imaging. The pyramidal cell was similarly filled and the patch pipette was maintained for simultaneous Ca 2+ imaging and current-clamp recording. Two puff pipettes filled with suramin (250 μM) were positioned, one on the pyramidal cell and one on astrocyte 1. Suramin was then focally applied onto the two cells at 0. and after bath application of LPS (10 μg ml −1 ) and during puff application of suramin (250 μM) onto a recorded neuron and a nearby astrocyte. C, spike thresholds measured before (black square) and after 5 min of exposure to LPS (red circle); * * * P < 0.001, paired t test, n = 7. D, bar graph depicting R in measured before (black) and after 5 min of exposure to LPS (red); * P < 0.05, paired t test, n = 7. E, mean f-I curves of 7 pyramidal cells obtained before (black squares) and after 5 min of exposure to LPS (red circles). For spike frequency: * P < 0.05, two-way ANOVA; and for gain (m, dotted lines): * * P < 0.01, paired t test. All measurements were performed at the native resting potential, adjusted by injecting appropriate repolarizing currents to counteract the ß10 mV depolarization induced by ADPβS (resting V m,before = -57.3 ± 1.9 mV; resting V m,LPS = -47.5 ± 2.2 mV; * * * P < 0.001, paired t test, n = 7). [Colour figure can be viewed at wileyonlinelibrary.com]
Interestingly, the time-to-onset of the t-ACPD-induced [Ca 2+ ] i increase was significantly shorter compared to that induced by LPS (onset t-ACPD = 23.1 ± 3.9 s vs. onset LPS = 47.9 ± 5.8 s, P < 0.05, n = 5; unpaired t test), suggesting that t-ACPD acts directly on the pyramidal cells. Altogether, these results suggest that glutamate released by astrocytes, acting on neuronal group I mGluRs and causing a [Ca 2+ ] i increase, mediates LPS-induced I M inhibition and enhancement of intrinsic neuronal excitability.
LPS-induced I M inhibition is mediated by mGlu5 receptors
Group I mGluRs comprise mGlu1 and mGlu5 receptors (Luscher & Huber, 2010) . In CA1 pyramidal cells the expression of mGlu5 receptors predominates (Baude et al. 1993; Romano et al. 1995) . In congruence with the above results (Fig. 8A and C) , blocking both mGlu1 and mGlu5 receptors with MCPG prevented LPS-induced I M inhibition (Fig. 10A (middle panel) , B and C). A similar preventive effect was exerted by MPEP (10 μM), a selective antagonist of mGlu5 receptors (Salt et al. 1999) ; Fig. 10D (middle panel), E and F). Expectedly, application of XE991 to MCPG-or MPEP-treated slices fully blocked I M (Fig. 10A (right panel) , B and C and Fig. 10D (right panel), E and F, respectively). Additionally, we found that t-ACPD application to L-AAA and minocycline-treated slices inhibited I M in all recorded neurons (n = 6; Fig. 11A-C) . The extent of I M inhibition by t-ACPD was similar to that exerted by LPS (measured at -52 mV; P = 0.09, n = 7 for LPS; n = 6 for t-ACPD). As in the case of LPS, filling pyramidal cells with BAPTA barred I M inhibition by t-ACPD (Fig. 11D-F) , but not by subsequent addition of XE991 to the aCSF ( Fig. 11D-F ; n = 7/7). Finally, we found that blockade ) . B, bar graph depicting R in (see Methods) of all responding neurons before (black) and after 5 min exposure to t-ACPD (orange); * P < 0.05, paired t test, n = 6. C, spike thresholds (assessed from phase plot analyses of single spike; see Methods) before (black square) and after 5 min of exposure to t-ACPD (orange circle); * * P < 0.01, paired t test, n = 6. D, typical voltage responses to current steps (shown below) in a pyramidal cell recorded before and after 5 min exposure to t-ACPD (representative of 6/6 neurons). Dotted lines indicate peak voltage deflections in the two conditions. E, mean f-I curves of 6 pyramidal cells recorded before (black squares) and after 5 min exposure to t-ACPD (orange circles). Note, t-ACPD induced a significant increase in spike frequency ( * P < 0.05, two-way ANOVA) and gain (m, dotted lines; * P < 0.05, paired t test; see also Table 1 Fig. 11G-I ; n = 6/6). Again, subsequent addition of XE991 completely blocked I M ( Fig. 11G-I ; n = 6/6).
Altogether, these findings implicate mGlu5 receptors as the predominant downstream receptor mediating I M inhibition.
Retigabine reverses LPS-induced neuronal hyperexcitability
Several drugs were shown to enhance K V 7/M channel activity thereby augmenting I M (Miceli et al. 2008) . The foremost of these drugs is retigabine (Main et al. 2000; Wickenden et al. 2000) , currently used as an antiepileptic medication (Amabile & Vasudevan, 2013) . In CA1 pyramidal cells, retigabine was shown to cause neuronal hyperpolarization, reduction in input resistance, and reduction in spike firing Yaari, 2004, 2006) . We tested whether retigabine can reverse LPS-induced increase in neuronal excitability. To that end, slices were perfused with aCSF containing LPS while recording the activity of single CA1 pyramidal cells. One minute after the onset of LPS-induced spike discharge, retigabine (10 μM) was co-applied to the aCSF. Within 40 s of its application, retigabine repolarized and silenced the neurons (Fig. 12A) . It also reversed R in (Fig. 12B ), spike threshold (Fig. 12C ) and firing response gain ( Fig. 12D and E) to pre-LPS values (9/10 neurons). These results clearly show that retigabine maintains its enhancing action even at K V 7/M channels subjected to LPS-induced blockade.
Discussion
Here we show that the proinflammatory agent LPS acutely produces a marked increase in the intrinsic excitability of CA1 pyramidal cells. The inflammatory cascade by which LPS exerts this action requires ATP-mediated astrocytic P2Y1 receptor activation, leading to glutamatergic activation of neuronal group I mGluRs, which in turn causes the release of Ca 2+ from internal stores and subsequent inhibition of neuronal I M , thereby enhancing intrinsic neuronal excitability (Fig. 13) .
LPS increases intrinsic excitability via Ca
2+ -mediated
I M is a slow, low voltage-activating, non-inactivating neuronal K + current, widely expressed in the nervous system and strongly modulated by multiple factors (Brown & Passmore, 2009; Caspi et al. 2009; Jones et al. 2014) . In CA1 pyramidal cells, the predominant K + channel subunits underlying I M are K V 7.2 and K V 7.3 (Shah et al. 2002) . These subunits are highly expressed in the axon initial segment (Pan et al. 2006) , the site of spike generation in these neurons (Spruston et al. 1995) . Due to its unique biophysical properties and subcellular localization, I M controls resting V m and R in , affecting spike threshold and firing frequency. Therefore, blocking I M pharmacologically causes neuronal depolarization, increase in R in , and enhanced spike discharge and bursting (Yue & Yaari, 2004; Gu et al. 2005; Yue & Yaari, 2006 ). Here we show that LPS application induces similar effects. Furthermore, in XE991-treated slices, subsequent application of LPS exerted no additional effects. These findings strongly implicate I M as the predominant, if not the sole, downstream neuronal target for the LPS-induced increase in pyramidal cell excitability.
We found that the earliest observed neuronal effect of LPS is a marked increase in [Ca 2+ ] i . Previous studies have shown that an increase in [Ca 2+ ] i inhibits I M (Selyanko & Brown, 1996) and that this inhibition is conferred predominantly by the intracellular Ca 2+ sensor calmodulin (Gamper & Shapiro, 2003) , which is tethered to the K V 7/M channel (Wen & Levitan, 2002) . Here we showed that I M inhibition was prevented by filling the neurons with BAPTA, consistent with the notion that also in CA1 PCs a rise in [Ca 2+ ] i inhibits I M (Chen & Yaari, 2008) . Intriguingly, the LPS-induced increase in [Ca 2+ ] i appeared to be transient, lasting about a minute, whereas the increase in neuronal excitability persisted for tens of minutes thereafter. A similar discrepancy in time course was previously described in rat sympathetic neurons for bradykinin-induced I M inhibition, which also depends on a rise in [Ca 2+ ] i (Cruzblanca et al. 1998 ). As we measured global somatic changes in [Ca 2+ ] i , we cannot exclude a more persistent [Ca 2+ ] i increase at the axon initial segment, where K V 7/M channels are preferentially localized (Devaux et al. 2004; Pan et al. 2006) or at submembrane domains. Alternatively, the initial increase in [Ca 2+ ] i may produce a slow I M inhibition that surpasses the duration of the [Ca 2+ ] i increase (Cruzblanca et al. 1998) . In either case, the I M inhibition could be further sustained by spike Ca 2+ entry during the resultant repetitive discharge (Chen & Yaari, 2008) .
LPS-induced increase in neuronal excitability is mediated by astrocytic P2Y1 receptors
Our results strongly indicate that LPS-induced neuronal excitation is critically dependent on recruitment of astrocytes. First, astrocytes responded to bath-applied LPS with substantial increases in [Ca 2+ ] i . Second, LPS was ineffective in causing neuronal excitation when astrocytic functions were impeded by L-AAA. The LPS-induced recruitment of astrocytes is likely to be mediated by activated microglial cells, as TLR-4 receptors are predominantly expressed by microglia (Pascual et al. 2012 Retigabine reverses LPS-induced increase in neuronal excitability A, representative current-clamp recording from a CA1 pyramidal cell exposed to LPS (10 μg ml -1 ). Coapplication of retigabine (10 μM) 1 min after the onset of repetitive firing repolarized and silenced the neuron. (representative of 9/10 neurons responding to LPS). Dashed lines indicate resting potentials before LPS application (-65 mV). B, bar graph depicting R in of all neurons before (black), after 5 min of exposure to LPS (red), and after 5 min of exposure to retigabine coapplied with LPS (overall 10 min exposure to LPS, grey). ns, not significant, * P < 0.05, paired t test, n = 10. C, spike thresholds measured at the same points before (black square), under LPS (red circle), and under LPS and retigabine (grey diamond); ns, not significant, * * * P < 0.001, * * P < 0.01, paired t test, n = 10. D, voltage responses (top) to current steps (bottom) in a pyramidal cell recorded at the same points before, under LPS, and under LPS and retigabine (representative of 9/10 neurons). Dotted lines indicate peak voltage deflections in the three conditions. E, mean f-I curves of 10 pyramidal cells obtained at the same points before (black squares), under LPS (red circles), and under LPS and retigabine (grey diamonds). Note, LPS-induced increase in spike frequency and gain (m, dotted lines) was reversed by retigabine. [Colour figure can be viewed at wileyonlinelibrary.com] J Physiol 595.3 and these cells are known to release multiple factors that modulate the activity of astrocytes (Raetz & Whitfield, 2002; Liao et al. 2010) . The expression of TLR-4 receptors by astrocytes is a controversial issue (Bowman et al. 2003; Pascual et al. 2012; Rannikko et al. 2015) . Therefore, we cannot entirely dismiss the possibility that LPS activates astrocytes also directly to produce neuronal excitation.
How does LPS-induced activation of astrocytes lead to excitation of the pyramidal cells? It has been shown recently that LPS evokes ATP release from microglia and astrocytes (Pascual et al. 2012) . The released ATP undoubtedly mediates the astrocytic and neuronal effects of LPS, as they were completely abrogated by the broad spectrum P2 receptor antagonist suramin. Further pharmacological analysis implicated P2Y1 receptors in the LPS-induced cascade, as the selective P2Y1 receptor antagonist MRS2179 prevented, whereas the selective P2Y1 receptor agonist ADPβS mimicked, all LPS-induced astrocytic and neuronal effects.
Both hippocampal microglia (Boucsein et al. 2003 ) and astrocytes (Zhu & Kimelberg, 2001; Bowser & Khakh, 2004; Domercq et al. 2006; Zeng et al. 2008) express P2Y1 receptors, but there have been conflicting reports regarding their expression by pyramidal cells (Moran-Jimenez & Matute, 2000; Bowser & Khakh, 2004) . Hippocampal pyramidal cells grown in culture were shown by immunostaining to express P2Y1 receptors. Furthermore, application of ADPβS to these neurons caused a partial Ca 2+ -independent inhibition of I M (Filippov et al. 2006) . In contrast, immunostaining for P2Y1 receptors in acute hippocampal slices failed to detect their expression in CA1 pyramidal cells (Bowser & Khakh, 2004) . Our results using focal applications of ADPβS are consistent with the latter finding and suggest differences in neuronal P2Y1 receptor expression between the two preparations. Further studies are necessary to resolve this discrepancy. However, as focal ADPβS application onto astrocytes, but not onto pyramidal cells, fully replicated the astrocytic and neuronal effects of LPS, we posit that in hippocampal slices, ATP released from LPS-activated microglia acts predominantly on astrocytic P2Y1 receptors to increase astrocytic [Ca 2+ ] i (Anderson et al. 2004) . This, in turn, may cause astrocytic ATP release, boosting the activation of astrocytes in a regenerative manner (Bowser & Khakh, 2007) .
LPS-induced increase in neuronal excitability is mediated by neuronal mGlu5 receptors
While playing a critical role in the LPS-induced cascade, ATP is unlikely to be the astrocytic gliotransmitter directly exciting the neurons. This conclusion was ascertained by experiments showing that puffing suramin onto pyramidal cells does not block the neuronal effects of LPS. Rather, several lines of evidence led us to conclude that astrocytic glutamate excites the pyramidal cells via neuronal mGlu5 receptors. First, the group I and II mGluR antagonist MCPG, but not the selective group II mGluR antagonist LY341495, blocked the neuronal, but not the astrocytic, effects of LPS. Second, direct activation of mGluRs with t-ACPD, in the absence of functional glia, mimicked all neuronal effects of LPS, including [Ca 2+ ] i -dependent I M inhibition. Finally, the mGlu5 receptor antagonist MPEP prevented I M inhibition by both LPS and t-ACPD.
Previous studies have shown that glutamate released by astrocytes can mediate astrocytic-neuronal interactions (e.g. Parpura et al. 1994; Angulo et al. 2004; Fiacco & McCarthy, 2004; Volterra et al. 2014) . Although the exact mechanism by which astrocytes release glutamate in response to P2Y1 receptor activation remains controversial (Wang et al. 2013) , the sheer existence of this release has been demonstrated convincingly (Pascual et al. 2012 Figure 13 . Key steps in the LPS-induced neuroinflammation-hyperexcitability cascade In the scheme, LPS activates TLR-4 on microglia, leading to ATP release. ATP, in turn, acts on astrocytic P2Y1 receptors, increasing astrocytic [Ca 2+ ] i . This signal may be further amplified by ATP release from astrocytes and activation of autocrine P2Y1 receptors. Consequently, activated astrocytes release glutamate, which acts postsynaptically on mGlu5 receptors (mGluR5) to block neuronal K V 7/M channels by releasing Ca 2+ from internal stores. The resultant inhibition of I M leads to an increase in intrinsic neuronal excitability. The scheme also depicts LPS-induced inhibition of putative presynaptic K V 7/M channels, leading to enhanced excitatory neurotransmission.
[Colour figure can be viewed at wileyonlinelibrary.com] downstream gliotransmitter, linking between astrocytes and pyramidal cells in the LPS-induced inflammatory cascade.
Reversibility of LPS-induced neuronal effects
We found that application of retigabine, a K V 7/M channel enhancer (Main et al. 2000; Wickenden et al. 2000) , readily reverses the excitatory effects of LPS. This result is congruent with a previous study showing that retigabine and related K V 7/M channel enhancers reverse I M inhibition and associated neuronal excitation induced by the proinflammatory agent bradykinin (Linley et al. 2012 ). Interestingly, bradykinin was shown to block K V 7/M channels by transiently raising [Ca 2+ ] i (Cruzblanca et al. 1998) , similar to the mechanism attributed to mGlu5 receptors in our present study. Altogether, these studies suggest that retigabine can reverse K V 7/M channel blockade exerted via G-protein-coupled receptors, highlighting its potential therapeutic role in neuroinflammatory hyperexcitability.
Physiological and pathophysiological implications
There is a large body of evidence from human and animal model studies showing that inflammation of brain tissue increases neuronal network excitability and seizure susceptibility by activating microglia and astrocytes (Vezzani et al. 2011; Devinsky et al. 2013; Seifert & Steinhauser, 2013) . These, in turn, release multiple factors that modulate synaptic transmission towards enhanced excitability (Vezzani & Viviani, 2015) . Given that excitatory synaptic transmission is shaped foremost by neuronal spike discharge causing synaptic glutamate release, our findings showing that inflammatory factors increase the intrinsic excitability of neurons provide a mechanism for some of the reported synaptic changes in inflammation. Thus, in a recent study in murine hippocampal slices, LPS application enhanced the frequency of excitatory postsynaptic currents (EPSCs) in CA1 pyramidal cells, including that of miniature EPSCs (mEPSCs), via a microglia-astrocytes-neurons cascade, leading to activation of neuronal group I mGluRs (Pascual et al. 2012) . However, the mechanism linking mGluR activation to enhanced EPSC frequency was not specified. We posit that LPS induces I M inhibition and enhanced discharge in CA3 pyramidal cells as well. This effect would be reflected in increased EPSC frequency in CA1 pyramidal cells, as the CA3 neurons provide the main excitatory input to CA1 and viable CA3-CA1 connections persist in the hippocampal slice preparation (Schwartzkroin, 1975) .
It is also conceivable that the LPS-induced cascade causes I M inhibition not only at the axon initial segment, where it leads to enhanced discharge, but also at or near the axon terminals (Fig. 11) . This action would depolarize the terminals and facilitate spontaneous glutamate release, reflected in enhanced frequency of mEPSCs. Indeed, pharmacological I M inhibition was shown to enhance mEPSC frequency in hippocampal neurons (Peretz et al. 2007) , suggesting that Kv7/M channels are expressed in axon terminals. This issue, however, is currently controversial (Hernandez et al. 2008) and it is possible that the LPS-induced increase in mEPSC frequency results directly from the presynaptic [Ca 2+ ] i increase exerted by activation of presynaptic group I mGluRs (Fiacco & McCarthy, 2004 ).
In conclusion, many studies support a role for inflammation in neuronal hyperexcitability (De Simoni et al. 2000; Riazi et al. 2008; Vezzani et al. 2011; Devinsky et al. 2013) . Combining our findings with those of previous studies suggests that Kv7/M channels at axon initial segments, and perhaps also at axon terminals, are a critical converging target for inflammation-induced cascades, mediated by microglia and astrocytes, leading to neuronal hyperexcitability.
